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X-ray mirrors on flexible polymer substrates fabricated
by atomic layer deposition
Abstract

Atomic layer deposition (ALD) techniques were used to fabricate W/Al2O3 superlattices with high X-ray reflectivity on flexible Kapton®
polyimide and polyethylene naphthalate (PEN) polymer substrates. Reflectivities of 78% and 74% at λ=1.54 Å were measured for 6-bilayer W/
Al2O3 superlattices on Kapton® polyimide and PEN, respectively. These excellent X-ray reflectivities are attributed to precise bilayer thicknesses
and ultrasmooth interfaces obtained by ALD and smoothing of the initial polymer surface by an Al2O3 ALD layer. The conformal ALD film
growth also produces correlated roughness that enhances the reflectivity. These W/Al2O3 superlattices on flexible polymers should be useful for
ultralight and adjustable radius of curvature X-ray mirrors.
© 2007 Published by Elsevier B.V.
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Lightweight and flexible X-ray mirrors may be useful for
a variety of applications. Flexible X-ray mirrors could re-
place toroidally bent crystals to provide adjustable curvatures for
X-ray focusing [1,2]. The ease of manipulating a flexible mirror
could also facilitate the design of adaptive X-ray mirrors [3].
Lightweight X-ray mirrors with low mass areal density are
required for X-ray observatory missions [4,5]. In addition,
flexible X-ray mirrors for X-ray spectrometry in space are
required for mounting on substrates to obtain the proper
telescope geometries [6].

The fabrication of lightweight and flexible X-ray mirrors is
possible using atomic layer deposition (ALD) techniques to
fabricate superlattice structures on polymer substrates. ALD
uses sequential, self-limiting half-reactions between gas
precursors and a solid surface to deposit conformal and
ultrasmooth thin films with an atomic level thickness control
[7,8]. Previous work has shown that precise thickness control
and conformal deposition can yield W/Al2O3 superlattices with
an extremely high reflectivity of 96.5% at λ=1.54 Å [9]. This
paper expands on the previous work and shows that W/Al2O3

superlattices with high reflectivity can also be grown on flexible
polymeric substrates.

W/Al2O3 nanolaminates have been previously grown by ALD
at 177 °C and have displayed unique thermal [10] and optical [11]
properties. The ALD of W/Al2O3 nanolaminates has also been
demonstrated on polysilicon micromirrors [12] and carbon
nanotubes [13]. In this work, the growth temperature was reduced
to 125 °C to avoid damaging the polymer substrates. Al2O3 ALD
0040-6090/$ - see front matter © 2007 Published by Elsevier B.V.
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growth was performed using trimethylaluminum, Al(CH3)3, and
water according to the following two surface reactions [14,15]:

ðAÞAl–OH⁎ þ AlðCH3Þ3→Al–O–AlðCH3Þ⁎2 þ CH4 ð1Þ

ðBÞAl–CH⁎
3 þ H2O→Al–OH⁎ þ CH4 ð2Þ

where the asterisks denote the surface groups. At 125 °C, the
growth rate forAl2O3ALD is∼1.2Å perAB cycle [16]. Including
the purging periods following each reactant, each AB cycle
required 44 s.

WALD growth was also performed at 125 °C using tungsten
hexafluoride,WF6, and disilane, Si2H6. Silicon from Si2H6 serves
as a sacrificial species on the surface to reduce the W without
incorporating in the resulting film [17]. The surface reactions
presented below have been determined from mass spectrometry
[18] and quartz crystal microbalance experiments [19]:

ðAÞW–SiHFSiH⁎
3 þ 2WF6→W–WWF⁎4 þ 2SiF4

þ 3=2H2 þ HF
ð3Þ

ðB1ÞW–F⁎4 þ Si2H6→W–SiH2F
⁎ þ SiHF3 þ 3=2H2 ð4Þ

ðB2ÞW–SiH2F
⁎ þ 1=2Si2H6→W–SiHFSiH⁎

3 þ 1=2H2 ð5Þ

The growth rate for W ALD at 125 °C is ∼4.0 Å/cycle after
nucleation [9]. Each WALD cycle required 61 s.

The ALDW/Al2O3 nanolaminate growth was performed in a
viscous flow ALD reactor operating at a N2 carrier gas pressure
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Fig. 1. Schematic of 6-bilayer W/Al2O3 superlattice deposited at 125 °C on
Kapton® polyimide, PEN and silicon substrates.

Fig. 3. TEM image of 6-bilayer W/Al2O3 superlattice on Kapton® polyimide.
Higher magnification view reveals well-defined W/Al2O3 superlattice structure.
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of ∼133 Pa [20]. Three different substrates were introduced in
the deposition chamber and coated at the same time. The
polymer substrates were 5.08 cm×2.54 cm Kapton® polyimide
and polyethylene naphthalate (PEN) substrates obtained from
DuPont. A 5.08 cm×2.54 cm silicon wafer was used as a
reference substrate. A buffer layer of 100 cycles of Al2O3 ALD
was first grown directly on the substrates at 125 °C to smooth
the underlying polymer surface and provide a seed layer for the
W ALD layer. X-ray reflectivity (XRR) analysis indicated that
this Al2O3 ALD buffer layer had a thickness of ∼95 Å on
Kapton® polyimide and PEN and ∼110 Å on silicon. The
smaller thicknesses on the polymer substrates result from the
10–15 AB cycles that are required for Al2O3 ALD nucleation
on polymers [21].

A 6-bilayer W/Al2O3 nanolaminate was then grown on top
of the ALD Al2O3 buffer layer as illustrated in Fig. 1. Each
bilayer consisted of 15 AB cycles for W ALD and 49 AB
cycles for Al2O3 ALD. Based upon nucleation results for
Fig. 2. Picture of flexible PEN substrate before and after deposition of 6-bilayer
W/Al2O3 superlattice.
W ALD on Al2O3 ALD surfaces [9], 15 AB cycles for W
ALD should yield a total thickness of 42 Å. Likewise, 49 AB
cycles for Al2O3 ALD should yield a total thickness of
∼59 Å [16]. A structural investigation of the W/Al2O3

nanolaminates provided evidence for thin interlayers at
each interface containing silicon species. These interlayers
add a total of ∼10 Å per bilayer. Consequently, the spacer
layer thickness was ∼70 Å and the W ALD thickness was
∼43 Å as determined by XRR analysis. The total thickness
of the 6-bilayer multilayer was ∼675 Å.

Fig. 2 shows a picture of a PEN substrate before and
after deposition of the 6-bilayer W/Al2O3 superlattice. The
original PEN substrate on the left is transparent. The coated
Fig. 4. X-ray reflectivity scans at λ=1.54 Å of 6-bilayer W/Al2O3 superlattices
on silicon, Kapton® polyimide and PEN substrates.
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PEN sample on the right illustrates that the 6-bilayer W/
Al2O3 superlattice exhibits a high optical reflectivity in the
visible resulting from the W films. In addition, Fig. 2 high-
lights the flexibility of the coated PEN sample without any
peeling or cracking.

Transmission electron microscopy (TEM) observations
have been performed on the 6-bilayer W/Al2O3 multilayers
on Kapton® polyimide. These TEM images are shown in
Fig. 3. The upper picture at low magnification confirms the
presence of a well-defined W/Al2O3 superstructure. The dark
layers are the W ALD layers and the light areas are the
spacer layers. The bilayers are extremely conformal to the
initial Kapton® polyimide surface. A higher magnification of
the W/Al2O3 nanolaminate is shown in the lower image in
Fig. 3. This picture confirms that the W ALD layers have a
thickness of ∼45 Å and the spacer layers have a thickness of
∼70 Å.

Fig. 4 displays X-ray reflectivity (XRR) scans performed on
the three different substrates. These scans were obtained using a
Bede D1 high resolution X-ray diffractometer equipped with a
copper X-ray tube operating at λ=1.54 Å [9]. The X-ray tube
current was 40 mAwith a voltage of 40 kV. The slit defining the
incident X-ray beam had a width of 0.25 mm. With this X-ray
beam width, the X-ray beam slightly overfills the substrate
length of 5.08 cm for reflection at the critical angle. This X-ray
beam width was necessary for sufficient sensitivity.

The REFS genetic algorithm fitting software from Bede X-ray
Metrology was employed to obtain film thicknesses and X-ray
reflectivities. The fitting accounts for slightly overfilling the
substrate at the critical angle. The XRR scan for the W/Al2O3

nanolaminate grown on the reference silicon substrate exhibits the
expected Bragg peaks that reveal the presence of a superstructure.
N−2 Kiessig fringes are in between each Bragg peak where N is
the number of bilayers in the superstructure. A measured
reflectivity of 80% is obtained for the first Bragg peak from this
6-bilayer W/Al2O3 superlattice on the silicon wafer. Higher
reflectivities result from W/Al2O3 superlattices with 16-bilayers
[9].

The Bragg peaks are still present for the 6-bilayer W/Al2O3

superlattices deposited on the Kapton® polyimide and PEN
substrates. These Bragg peaks confirm the superlattice structure
observed by TEM. The measured reflectivities for the first
Bragg peaks were 78% and 74% on Kapton® polyimide and
PEN, respectively. These high reflectivities are independent of
flexing and are very close to the reflectivity of 80% on the
silicon wafer. In addition, the superlattice peaks occur at the
same angular positions as observed on the silicon wafer. This
behavior is consistent with the same bilayer thickness on the
silicon and polymer substrates. The Kiessig fringes are less
intense on Kapton® polyimide and almost absent on PEN. This
trend can be attributed to the slight curvature of the Kapton®
polyimide and PEN substrates. The polymer substrates may not
be perfectly planar on the substrate holder because of their
flexibility.

The excellent X-ray reflectivity on the polymeric substrates
is attributed to the precise bilayer thicknesses obtained by ALD
processing. The high X-ray reflectivity also results from the
smoothing of the initial polymer surface by the Al2O3 ALD
buffer layer with a thickness of ∼100 Å. This Al2O3 ALD layer
is known to deposit extremely conformally on trenched
structures [22]. This conformal deposition can fill in surface
roughness on the polymer surface that occurs with a lateral
dimension of ≤200 Å.

The ALD growth will also produce ultrasmooth interfaces
because the self-limiting surface chemistry during ALD allows
every surface reaction to reach completion. This growth
mechanism prevents randomness in the deposition process
that can lead to interfacial roughness [9]. The conformality of
ALD also ensures that any roughness is correlated and will
propagate through the entire W/Al2O3 multilayer. This
correlated roughness should not significantly decrease the
specular reflectivity at the Bragg condition [23].

ALD has the potential to fabricate very lightweight, flexible
and high reflectivity X-ray mirrors on polymeric substrates.
These X-ray mirrors could be very useful for X-ray focusing,
adaptive X-ray mirrors and future X-ray observatory missions
in space. Because ALD is based on gas precursors, ALD
processing methods are scalable to larger substrates and can be
used to coat many substrates in parallel. In addition, the W/
Al2O3 superlattices on polymer substrates could become “free
standing” with the removal of the underlying polymer. This
“free standing” W/Al2O3 superlattice would provide an X-ray
mirror with the lowest mass areal density.
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